Despite the generally favorable clinical course in follicular lymphoma (FL), a minority of patients have a poor prognosis-with death within 3 years of diagnosis-most often due to transformation to aggressive disease.
INTRODUCTION
Follicular lymphoma (FL) is the most frequent indolent B-cell lymphoma in adults. Generally, the disease responds well to chemotherapy, but it is characterized by frequent relapses. Despite many different treatment approaches, survival has not improved over the past decades. The disease is still considered to be incurable. Transformation to aggressive disease in the form of diffuse large B-cell lymphoma (DLBCL) or to a lesser extent the development of nonresponsiveness to therapy without transformation form the major causes of diseaserelated death. 1, 2 Although a long, indolent course of the disease is considered to be prototypical, the variation in survival is quite broad with up to 15% of the patients dying early in the course of their disease. A combined score of clinical parameters, such as the Follicular Lymphoma International Prognostic Index, is considered the most successful prognosticator thus far, but does not reveal any biologic mechanisms that play a role in transformation and prognosis. 3 Furthermore, to date very few biologic prognosticators with clinical utility have been identified. Histologic grading does correlate with clinical outcome both for disease-free and overall survival. 4 Its usefulness for individual patient management is hampered, however, by its subjective nature and poor reproducibility. 5 Most consistently, a complex karyotype is indicative of an adverse prognosis. 6, 7 This is in line with the current model of transformation being the result of an accumulation of genetic alterations and possibly an inadequate repair process.
Previous immunohistochemical studies, and more recently gene-expression studies, have lent support to a model of FL as a disease of immunologically functional cells in which an interaction of the tumor cells and the microenvironment determines the clinical behavior.
9-13 It has been hypothesized that the specific genomic alterations in FL cells may actually dictate the functional composition of the microenvironment. 8 The cellular composition of the nonmalignant infiltrate that is related to prognosis and the mechanisms that play a role are not elucidated yet.
In this study, we explored models on pathogenesis in FL using gene-expression profiling and immunohistochemistry concentrating on the risk of transformation as an objective and disease-related biologic end point.
PATIENTS AND METHODS

Patients
From the files of the departments of pathology of the contributing institutions, three series of samples from patients with FL were collected for gene-expression studies: representative frozen tissue of biopsy samples of 31 patients who showed histologically or cytologically proven transformation to DLBCL within 3 years after diagnosis; representative frozen tissue of samples of 35 patients with fully documented minimum follow-up of 7 years and without clinical, histologic, or cytologic signs of transformation; and representative frozen tissue of biopsy samples of 24 patients with DLBCL as transformation of previously diagnosed FL.
Biopsy samples of FL were included when taken before treatment or during follow-up after a varying time of watch and wait. Samples were included as well at time of relapse if biopsy site was outside the field of radiotherapy after local radiotherapy as initial treatment. Time of diagnosis ranged from 1986 to 2004 and treatment protocols were various, including chlorambucil, combination chemotherapy (cyclophosphamide, vincristin, prednisone), and radiation therapy. Patients with FL treated with high-dose chemotherapy and autologous peripheral stem-cell or bone marrow transplantation outside the context of transformed disease were excluded from the study. None of the patients received rituximab.
For immunohistochemical analysis, representative formalin-fixed and paraffin-embedded biopsy samples from 25 patients with transformation within 3 years using the same selection criteria as discussed earlier were collected. Of these, 15 were also included in the gene-expression study. Thirtythree instances of patients without signs of transformation during a minimum follow-up time of 7 years (as described) were included, 15 of which were also included in the gene-expression analysis. Clinical characteristics of all patients are listed in Table 1 .
Gene-Expression Analysis
RNA isolation, amplification, labeling, and hybridization were performed as previously described. 9 Detailed protocols can be found on the NKI/AvL Department of Pathology Microarray Projects Web page.
14 All samples were cohybridized with a standard reference of pooled and amplified RNA isolated from five routine tonsillectomy specimens, chosen and optimized to identify small changes in expression levels between the tumor groups of interest.
cDNA microarray slides, with a complexity of 19,200 spots per slide, were prepared at the Central Microarray Facility at the Netherlands Cancer Institute. 15 The description of this study follows the minimum information about a microarray experiment (MIAMI) guidelines issued by the Microarray Gene Expression Data group.
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Immunohistochemistry
Immunohistochemical stainings were performed on complete paraffin sections of FL samples according to standard antigen microwave/citrate-based retrieval techniques. Antibodies used are listed in Table 2. For CD20, the pattern of interfollicular tumor cell distribution was scored. MIB1 staining was assessed semiquantitatively as a proportion of total number of tumor cells. T-cell subpopulations were semiquantitatively assessed in a four-tiered fashion (0% to 1%; 1% to 5%; 5% to 10%; Ͼ 10%) relative to total numbers of T-cells and spatial distribution was scored as predominantly intrafollicular, predominantly interfollicular, or diffuse. CD69 as a marker for T-cell activation was scored relative to the total number of T cells based on pattern recognition of the infiltrate. CD69 positivity on tumor cells was not taken into account. CD21 and CD23 as markers for follicular dendritic meshworks were scored in a four-tiered system (absent, minority of the neoplastic follicles with disrupted meshworks, majority of neoplastic follicles with welldeveloped meshworks, uniformly well-developed meshworks). CD68-positive macrophages were counted as absolute cell numbers per three representative follicular high-power fields (at magnification ϫ600). All scorings were performed in a blinded fashion for clinical outcome.
Statistical Analysis
Both for the gene-expression study and the immunohistochemical analysis, we chose to compare the instances of clinical spectrum extremes, rather than random samples of FL reflecting an unbiased clinical distribution.
9,17
Because the far majority of FL has a favorable prognosis and only approximately 20% of the patients showed early transformation and/or a poor prognosis, an unbiased series would show a significant under-representation of poor prognosis patients. This would potentially inhibit the recognition of minor but biologically significant information in this group. The presently used choice, however, precludes formal survival and Cox regression analysis. As a consequence of the protracted clinical course in the majority of the patients and the dominant elderly age group, patients often die of other causes than of lymphoma. Therefore, we concentrated on disease-related survival rather than overall survival.
Unsupervised Analysis
Unsupervised analysis was performed on a selection of the total patient series consisting of 24 patients with early proven transformation; 22 patients without transformation; and 24 patients with DLBCL as transformation of previously diagnosed FL.
Gene clustering was performed on 9,441 significantly differentially expressed genes, based on the Rosetta error model. 18 Agglomerative hierarchical clustering was performed using complete linkage similarity metrics in Genesis.
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Supervised analysis of the FL gene-expression data was approached using several computational strategies based on the Shrunken Centroids method in the significance analysis of microarrays (SAM) software on a selection of 24 patients with rapid transformation to DLBCL and 22 patients without transformation 20 and on signal-to-noise ratios on a similar selection of patients groups.
For construction of a formal predictive gene-expression profile, genes that optimally separated the two classes best were determined by using different classifier methods in a train and validation protocol as described by Wessels et al. 21, 22 
RESULTS
Unsupervised Analysis Can Distinguish FL From DLBCL
As a first step, unsupervised two-dimensional hierarchical clustering was performed on 46 FL samples including both clinical groups and 24 DLBCL samples. This showed a clear separation between FL and DLBCL, with one cluster containing 75% of DLBCL samples (18 of 24) and only 7% of FL samples (three of 45; Fig 1) . Unsupervised clustering was not able to distinguish clinically favorable FL (n ϭ 22) and unfavorable FL (n ϭ 24), underlining the biologic homogeneity of this disease.
Discriminatively Expressed Genes Between Clinically Distinct Groups of FL Are Comparable to Genes Expressed in Activated Lymphoid Tissue
To focus on gene-expression differences between both clinical groups, reporter genes were selected using SAM as well as signalto-noise ratios.
SAM analysis of nontransforming FL (n ϭ 22 patients) versus rapidly transforming FL (n ϭ 24) resulted in 86 genes with significantly different expression between the two groups (with a false discovery rate of 8%). Signal-to-noise ratios (SNRs) were calculated for a selection of patients representing the clinical extremes of the spectrum (Fig. 2) .
Gene ontology analysis revealed that both the classical SNR approach and the SAM approach showed a significant overrepresentation between both clinical FL groups of the genes involved in immunologic functions (30% overall of SAM and SNR identified genes). Detailed information on these genes and functional grouping is listed in Table 3 . The majority of these immune response-related genes were expressed at relatively higher levels in rapidly transforming FL than in nontransforming FL (25 of 30 markers, excluding the various immunoglobulins). Moreover, the relative expression levels in the rapidly transforming FL were very similar or relatively increased to normal lymphoid tissue with follicular hyperplasia, which was used as a hybridization reference, while their expression was relatively downregulated in nontransforming FL. Therefore, the rapidly transforming group showed an overall higher similarity of gene expression to follicular hyperplasia. 
Translation of Gene-Expression Patterns to Lymphoid Cell Populations Using Immunohistochemistry
To further define the cell types involved in prognosis in FL and to analyze the variations in relative cell numbers and the activation state of specific cell populations, immunohistochemical studies were performed. The results are summarized in Table 4 and illustrated in Figure 3 . There were no significant differences in tumor cell distribution and total numbers of T cells. Most importantly, in FL with rapid transformation, CD4-positive T cells were predominantly found within the neoplastic follicles with or without an interfollicular component. In contrast, the CD4-positive T cells were predominantly found between the neoplastic follicles in the nontransforming patients. No differences were found for CD8-and CD57-positive populations. Virtually no CD56 positive natural killer cells were seen in FL samples. Specific cell populations of T-helper1 cells and regulatory T cells were studied using T-bet and forkhead box protein P3 (FOXP3) immunostainings, respectively. T-helper1 cells were present as a minor interfollicular population with significantly higher densities in samples from the rapidly transforming patients, but never exceeding 1% of the total T-cell numbers. Regulatory T cells were present at varying frequencies in approximately half of the cases containing less than 5% positive cells per total number of T cells (26 of 53). Cases with distinctly denser infiltrates of FOXP3-positive cells were not significantly different between the two clinical groups.
The activation state of the T cells was significantly higher (P ϭ .017) in the rapidly transforming patients with uniform expression of CD69 as an activation marker. In three patients, tumor B cells uniformly expressed CD69. In all remaining patients, the architectural pattern of CD69-positive cells matched the spatial distribution of T cells. CD21 stainings showed that more frequently a disrupted or absent immunohistochemical pattern in the majority of neoplastic follicles of the rapidly transforming patients (P ϭ .04). Because CD23 was not differentially expressed, this may reflect a functional modulation rather than a physical absence of follicular dendritic cells.
CD68-positive cells showed an equal spatial distribution in both groups. No differences in mean absolute numbers nor in the proportion of patients with tissue macrophages exceeding the upper cutoff level (as described by Farinha et al 23 ) were seen between the two groups.
Differences in Gene Expression Are Heterogeneous and Minor, Precluding the Construction of a Reliable Profile That Can Predict Transformation
To evaluate whether future transformation can be predicted based on gene expression, 10 different commonly used classification OPTN  LIPA  UNR  PHF10  C2orf28  YPEL5  CXCR6  GZMK  CD2  KLF6  GAK  SH2D1A  TIA1  PCAF  SIAT8A  PRG1  FAS  DNAJD1   FLJ32065  EDNRA  AIF1  MAFB  MAFB  RBPSUH   C6orf117  MAP7  MAF  IL15  PDCD1LG1  KLRB1  TBC1D4   LOC54499  MCP  ACP1  DNAJB9  RNF13  SH3YL1  ELOVL7  E2IG5  SEC11L3   CD24  FXYD1  P11  NPM1  IGLL1  MYL2  MYH1  BHLHB2  FLJ10901  PRSS3  TGFB2  MYO6  LOC374969   MTAC2D1  IGSF3  TM4SF1  SMAD3  CXCL1   FXYD3  HOP  IL1R2  SPINK5  TGM1  KRT25D  S100A9 No transformation with a follow-up of at least 7 years DLBCL as transformation of FL FL with transformation within 3 years after diagnosis
Fig 2.
Clustering based on 86 genes that were significantly different in gene expression between both clinical groups of follicular lymphoma (FL) according to significance analysis of microarrays (SAM) analysis is able to separate both groups with a 78% correct stratification. However, because leave-one-out cross validation and independent validation do not make up part of the SAM analysis, this should not be considered as a predictor profile. DLBCL, large B-cell lymphoma.
methods were explored as previously published (Wessels et al 21 ). Performance data for each classifier, as well as the median number of selected genes for the classifier, is given in Table 5 and show that none of the methods resulted in a validated performance exceeding 55.8%.
Therefore, despite distinct biologic differences at the cell populations level between both groups, these differences at the gene-expression level are minor and of a heterogeneous nature, preventing the construction of a reliable, diagnostic geneexpression profile that may be useful in clinical practice. Because the essential biologic differences are found at the level of cell populations, immunohistochemistry is the more sensitive and informative technique to study this issue rather than gene-expression profiling. A similar classifying approach was taken to evaluate the immunohistochemical data (Table 4) and yielded a classifier consisting of the four significantly different markers.
DISCUSSION
This gene-expression study shows that FL is at the molecular level a highly uniform disease at the time of diagnosis. The differences at the gene-expression level between the extremes of the clinical spectrum are minor and heterogeneous despite major clinical differences in terms of risk of transformation and prognosis. These minor differences at the gene-expression level do contribute to important biologic insights, however. More than 60% of the most discriminative genes between FL with documented transformation to DLBCL and FL that did not transform within at least 7 years after diagnosis are involved in the cellular immune response and inflammatory processes. Globally, gene-expression patterns in rapidly transforming FL are more comparable to those in nonmalignant follicular hyperplasia, NOTE. Relative gene-expression levels in both clinical groups are compared with follicular hyperplasia that was used as a reference and the clinical groups were compared with each other. An overall higher expression of immunerelated genes in the rapidly transforming group and relative similarity or even increased expression to the expression levels in follicular hyperplasia is seen. Abbreviations: SAM, significance analysis of microarrays; SNR, signal-tonoise ratio; FL, follicular lymphoma; IL, interleukin; IFN, interferon. NOTE. Using the same classifier approaches to construct a formal classifying profile on the basis of immunohistochemical data as described for the gene-expression data, all methods yielded a classifier consisting of CD4, CD21, CD69, and T-bet with significant classification ability (P Ͻ .01) and an accuracy of 61% to 70%. Abbreviations: FL, follicular lymphoma; NS, not significant; FOXP3, forkhead box protein P3; HPF, high-power field.
while nontransforming FL shows overall downregulation of immune-related genes and therefore may rather resemble nonactivated lymphoid tissue.
Bohen et al 12 found similar differences when studying geneexpression profiles of FL at diagnosis in relation to response to rituximab therapy that was given more than 5 years later during the course of disease. It was shown that nonresponding FL displays a geneexpression pattern that is more similar to nonmalignant lymphoid tissue (hyperplastic tonsil). This indicates that both rapidly transforming FL and rituximab nonresponding FL are characterized by an active immune response. This may be directly involved in the specific biologic characteristics and growth requirements of these FL groups, possibly as a stimulatory microenvironment. Dave et al 10 described gene-expression patterns in FL in relation to prognosis, showing a predominance of T-cell-related genes in good-prognosis FL and expression of accessory cell genes associated with poor prognosis. At the individual gene level, however, there is limited overlap with our genes found to be related to transformation and transformation-related prognosis. Because a custom-made statistical approach with a relative weighing of sets of genes was used by these authors, complete comparison and cross validation on independent series is limited. No obvious separation of transformed versus nontransforming FL could be achieved using the gene selection as reported by this group (data not shown). It should be noted that the patient selection (ends-of-spectrum v continuous spectrum) and end points (transformation v overall survival) are essentially different between Dave et al 10 and our study, precluding strong conclusions based on such comparisons.
Combinations of differentially expressed genes identified by this study point at a role for different T-cell populations, as well as accessory cell populations, such as follicular dendritic cells in FL transformation. Such differences can be more readily studied at the cellular level using immunohistochemistry. Using this approach, the activation of the immune reaction was demonstrated by the observation of increased expression of the activation marker CD69 on T cells. Few patients showed uniform expression of CD69 in tumor cells without clinical correlations. CD4-positive T-helper cells were also shown to play an important role in rapidly transforming FL. Rather than a numerical change, differences in spatial distribution and activation of CD4-positive cells were seen with predominance within the neoplastic follicles. This suggests a functional modulation of this cell population that may be growth supportive in this group of FL. This notion is supported by both in vitro and in vivo studies in mouse models. 24, 25 As also suggested by the combination of relatively increased expression of related genes, an increase in the relative contribution of T-helper1 type T cells was observed. CD4ϩ/CD25ϩ regulatory T cells, identified with FOXP3, are specifically involved in suppression of the active immune response. [26] [27] [28] In contrast to the prognostic role in solid cancers, it may be hypothesized in FL that this cell population may rather mediate the relative immunologically inactive state in good-prognosis FL. However, neither in terms of absolute cell numbers nor in spatial distribution (follicular, interfollicular, or diffuse) was our data able to support this idea.
As also indicated by our gene-expression profiling and analysis, dendritic cell populations may play a role in the growth properties and the clinical behavior of FL.
29-31 Disruption of the CD21 immunohistochemical pattern, in the presence of intact CD23-positive meshworks within neoplastic follicles, may indicate functional heterogeneity and differential interactions with tumor cells in rapidly transforming FL. In contrast to the findings of others, we were not able to demonstrate a differential contribution of CD68-positive macrophages in relation to the risk of transformation or survival related to transformation. 23 The outline of this study was essentially different from ours, precluding complete comparison, however. A tissue microarray (TMA) platform was used, and overall and progressionfree survival were used as end points in contrast to transformation with essentially different criteria of identifying poor-risk patients. Moreover, all patients received highly intensified treatment instead of standard cyclophosphamide, doxorubicin, vincristine, and prednisone (CHOP) -like therapy.
Our findings further support a hypothetical two-disease model for FL. 8 Such a model may also be supported from a genetic standpoint. In an elegant study by Höglund et al, 32 the temporal pattern of the accumulation of genetic alterations in FL was descibed and it was shown that there may be two mutually exclusive pathways in early clonal evolution. One pathway is characterized by Ϫ6q and ϩ1q as early changes, in the other pathway by duplication der(18) and ϩ7/ ϩ8, which can be recognized as relatively early changes. The specific genetic make-up of the tumor cells may determine the intrinsic survival capacity and proliferative drive of the tumor cells, as well as the overall genomic instability. Importantly, molecularly different FL may dictate a different microenvironment and by immunologic cross talk are in a different manner influenced by T cells and accessory cells. The interacting network of genomic and immunologic factors then defines the clinical behavior of the tumor. 8 In conclusion, FL has now been recognized as a disease of functional B cells in which the clinical behavior is determined by properties of the malignant cells in functional cross talk with the immunologic regulatory network. It will be a challenge over the coming years to dissect the labyrinth of cellular and molecular information into a comprehensible and clinically useful model of interactions. Such insights will be of the utmost importance in order to develop intelligent treatment strategies targeted to specific biologic mechanisms responsible for the ultimately fatal course of the disease. Abbreviation: PAM, prediction analysis for microarrays.
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